Large amounts of spent coffee grounds (SCGs) are generated all over the world. Since SCGs contain a lot of carbon and inherently has a porous structure, SCGs are considered to be a valuable industrial resource by carbonization. According to our previous research, it was apparent that the specific surface area of SCGs-derived carbon was greatly improved by potassium hydroxide (KOH) activation. In this research, we prepared an electric double layer capacitor (EDLC) using SCGs-derived carbon activated with KOH, and compared them to phenol resin-derived activated carbon (MSP-20, Kansai Coke and Chemicals Co., Ltd.), which is commonly used as a reference material in EDLC research. Electrodes were prepared by mixing 80 wt% activated carbon, 10 wt% carbon black and 10 wt% polytetrafluoroethylene (PTFE) and the electrolyte used was 1 M triethylmethylammonium-tetrafluoroborate (TEMA-BF 4 )/propylene carbonate (PC). The capacitive performance was evaluated by a constant current chargedischarge cycle measured with various electrical current loads from 5 to 150 mA/cm 2 . Although the capacitance of SCGs-derived carbon activated with KOH was inferior to that of MSP-20 at low current load density, it had high capacitance in high rate charge-discharge cycles. This suggests that the EDLC consisting of SCGs-derived activated carbon electrodes is superior to MSP-20 in capacitance retention rate when used at a high electric current density.
Introduction
Coffee is a popular beverage all over the world. Millions of tons of coffee beans are consumed every year. This naturally leads to the production of a large amount of spent coffee grounds (SCGs). Though some of them are effectively used as agricultural resources such as feed and fertilizers, most SCGs are disposed of by incineration. From the perspective of environmental protection, however, it would be desirable to reuse them.
In previous research, we succeeded in preparing activated carbons derived from SCGs that had high specific surface area (SSA) by potassium hydroxide (KOH) activation. Also, it was confirmed that the pore size could be controlled by varying activation conditions. 1 There are expectations that this knowledge will be applied to electrode materials.
An electric double layer capacitor (EDLC) is an energy device that utilizes physical adsorption and desorption of ions and does not involve chemical reactions. Therefore, it is superior in rapid chargedischarge and cycle characteristics. 2, 3 Taking advantage of these features, EDLC has already been used as a memory back-up power supply for PC. Recently, they are being used as an auxiliary power supply for hybrid cars 4, 5 and there are hopes to utilize them as a storage medium for electrical power. 6, 7 There are, however, some problems with EDLC such as its low energy density and high cost, etc. One of the ways to improve the energy density of EDLC is to increase the SSA of the activated carbon comprising the electrode. The number of adsorbed ions increases as the SSA gets larger, leading to high capacitance. Internal resistances must also be reduced so as to retain the capacitance when used at high electrical current density. It is possible to reduce the internal resistances and maintain high energy density with a high rate charge-discharge cycle if the pore size of the activated carbon is suitable to the size of the solvated electrolyte. 8 We prepared several kinds of activated carbon that had high SSA and different pore size distribution and tried to develop EDLC that retains high energy density even at high power density. There is a possibility that an environmentally friendly EDLC production process with reduced cost can be developed by using SCGs.
In this paper, we evaluated the electrical characterization of EDLC made with SCGs-derived activated carbon electrodes.
Experimental
2.1 Preparation of activated carbon derived from SCG for an electrode 2.
Materials
SCGs discarded by a beverage processing plant were used as the carbon raw material. The SCGs were fine granules with water content of 60 to 70%. They were dried at 105°C for not less than 12 hours and sieved to particle sizes of 0.5 to 2 mm. Yields, which will be given later, were calculated by dividing the mass of the carbon obtained by the mass of the sieved coffee grounds. Phenol resinderived activated carbon (MSP-20, Kansai Coke and Chemicals Co., Ltd.), a commercial activated carbon often used in EDLC studies, was used for comparison.
KOH activation
Approximately 30 g of SCGs prepared as described above were placed in a beaker containing 560 mL of KOH aqueous solution, and were agitated for 30 minutes. The concentrations of the KOH aqueous solution were specified as 2 M (hereinafter referred to as K2) and 5 M (K5) (M = mol/dm 3 ). After impregnation, suction-filtration was performed to remove excess solution from each sample, which was then dried at 105°C for not less than 12 hours. After drying, each sample was placed in a crucible that was then placed at the center of an electric furnace (SBA-2035; MOTOYAMA Co., Ltd.). All the air inside the furnace was evacuated and replaced with nitrogen. Carbonization was then performed in a nitrogen stream flowing at 2 L/min. The furnace temperature was increased at a rate of 10°C/min until reaching the set carbonization temperature of 800°C, which was maintained for 1 hour. After cooling in a nitrogen stream, each sample was neutralized with 2 M hydrochloric acid and washed well with distilled water. After drying at 105°C for not less than 12 hours, the sample was stored in a desiccator. The yields of K2 and K5 were 12.2, 11.3 wt%, respectively.
Pulverization
The carbon obtained was pulverized using a planetary ball mill (P-5, FRITSCH JAPAN Co., Ltd.). Each sample was pulverized to be close to the size of MSP-20, that is 810 µm, to the extent possible. Pulverization was performed for 6 minutes at a speed of 200 rpm with forty-five 15 mm diameter zirconia balls and a 250 cc zirconia container.
Preparation of an electrode cell
Electrodes were prepared by mixing 80 wt% activated carbon, 10 wt% carbon black and 10 wt% polytetrafluoroethylene (PTFE), with a small amount of ethanol. The mixture was then rolled into a sheet until it was 100 µm in thickness using a tabletop roll press machine (HSMNRP-1, Hohsen Corp.). After storage in a desiccator for 12 hours or more, the sheet was punched into a circular form of 15.95 mm in diameter (approximately 2 cm 2 area) followed by heating in a vacuum at 330°C. Subsequently, electrodes were removed from the furnace and their weights and thicknesses were measured. They were then immersed in an electrolyte solution of 1 M triethylmethylammonium-tetrafluoroborate (TEMA-BF 4 )/propylene carbonate (PC) in a glove box, which was evacuated to transfuse the electrolyte into the fine pores of the electrodes. After impregnation, bipolar electrode coin-type cell (HS cell, Hohsen Corp.) was assembled in the glove box.
Characterization of activated carbon and its electrode 2.3.1 Particle size distribution measurement
The particle size distribution of the pulverized carbon was measured by a particle size distribution measuring instrument (LA-910, HORIBA, Ltd.), with polyoxyethylene (20) sorbitan monolaurate (Wako Pure Chemical Industries, Ltd.) as a dispersant. 2.3.2 Pore size distribution measurement N 2 adsorption measurement was carried out at liquid N 2 temperature using a gas adsorption instrument (BELSORP 18-PLUS, BEL JAPAN Inc.). The total specific surface area (TSSA) and micropore specific surface area (MSSA) were estimated from a t-plot 9 and the external specific surface area (ESSA) was calculated by subtracting MSSA from TSSA. Micropore size distribution was obtained by the HK method, 10 and mesopore or larger pore size distribution was obtained through BJH analysis. 
Electrochemical measurement
A constant electric current charge-discharge cycle (CC) was carried out at 25°C using an electrochemical measurement system (HZ-3000, HOKUTO DENKO CORPORATION). CC was measured in the voltage range of 03 V and the current range of 5 150 mA/cm 2 . Unipolar capacitance C (F) was determined from the slope of the discharge curve using the following equation. Power density P (kW/kg) and energy density E (Wh/kg) were calculated from charge-discharge curves and the following equations, 12 confirming to JIS C 5160-2 and a Ragone plot was then obtained. Impedance was also measured using impedance measuring system (SI 1287, SI 1260, Solartron). The measurement was conducted in the discharge state in a frequency range of 10 mHz to 65 kHz at 25°C. Figure 1 shows the result of particle size distribution measurement. It was found that the peak of MSP-20 was sharp, in other words, the particle size was relatively uniform. In contrast, the peaks of K2 and K5 were wide, so it is most likely that various particle sizes existed in these samples. Median diameters of K2, K5, and MSP-20 were 3.85, 2.10, and 12.10 µm, respectively. K2 and K5 were smaller than MSP-20. Smaller particles give better electrical performance. 13 An advantage of SCGs-derived carbon activated with KOH is that it is easy to pulverize. Table 1 shows TSSA, MSSA, ESSA, and the ratio of ESSA to TSSA (R ext ) estimated from a t-plot. ESSA of K2 and K5 were larger than that of MSP-20, and the higher the KOH concentration was, the larger the ESSA became (17 m 2 /g at 2 M, 29 m 2 /g at 5 M). For R ext , K5 was the highest at 1.59%, and MSP-20 was the lowest at 0.46%. The R ext of SCGs-derived carbon activated with KOH is high, so it can be concluded that the pore structure allows electrolyte ions to enter and leave easily. 8, 14, 15 Figure 2 shows the result of the micropore size distribution analysis by the HK method. Pore diameters of their peaks were 0.51 nm for K2 and K5, and 0.54 nm for MSP-20. MSP-20 had a slightly larger micropore, but no significant difference was observed between MSP-20 and SCGs-derived carbon activated with KOH. Figure 3 shows the pore size distribution by BJH analysis. The vertical line is the integral of the adsorbed amount (from the larger pore side). The SCGs-derived carbon activated with KOH gave large adsorbed amounts in the mesopore and macropore range, with Electrochemistry, 81(10), 828832 (2013) K5 in particular showing prominent mesopore and macropore development. This correlates with the t-plot results described above. Figure 4 shows the specific capacitance obtained from the CC test. The higher the current density was, the lower the capacitance of MSP-20 was. The capacitance of K5 was higher than MSP-20 at about 80 mA/cm 2 or more. In addition, K2 was also higher than MSP-20 at approximately 125 mA/cm 2 . It was apparent that SCGsderived carbon activated with KOH was superior in its capacitance retention ratio. Figure 5 shows the scheme of a typical impedance spectrum of EDLC on Nyquist plane, denoting following parameters for analytical approach in this research. R1 is bulk resistance related to solution resistance between two electrodes mainly. R2 is internal resistance due to the contact of active materials with the current collector. R3 is diffusion impedance in the pore of active material, and the value of R3 is decided by the pore structure and nature of electrolyte solution in the pore. In addition, R all is the sum of these three resistance components. Figures 6 and 7 show the impedance measurement results. In addition, the resistance components calculated from these are listed in Table 2 . It could be said that K5 had a low internal resistance because of the low R2 and low R3. Also, K2 had a lower R3 than MSP-20. It might be attributed to a large ESSA that the electrolyte could easily diffuse into and the finer particle size of activated carbon that R3 of K5 and K2 were lower than MSP-20. Kouzu et al. reported the effects of the particle size of activated carbon derived from phenolic resin on the internal resistance. The report says that the finer the particle size of activated carbon was, the lower the R3 became, and R2 began to decrease when the particle size became less than 6 µm. 13 As the particle size of K2 and K5 were 3.85 and 2.10 µm respectively, it was thought that the effect of particle size R all Figure 5 . The scheme of a typical impedance spectrum of EDLC on Nyquist plane. R1: bulk resistance, R2: interface resistance, R3: diffusion resistance.
Results and Discussion
Electrochemistry, 81(10), 828832 (2013) had a strong impact. R1 was lower for MSP-20 than for K2 and K5. Since the electrolyte, electrode cell and measurement system were the same, we concluded that the resistance of the MSP-20 itself was lower. In addition, in Fig. 6 , the curves for K2 and K5 rose obliquely in the low frequency area. The factors that might be responsible for this are inhomogeneities in the electrode, leakage current from decomposition reactions of the electrolyte and electrode, and insulation failure of the measurement system. Since the curve for MSP-20 obtained with the same measurement system rises comparatively vertically, it is unlikely that there is a problem with the system. Furthermore, the slope for K2 is more gradual than for K5. In consideration of the fact that particle size varies more widely for K2 than for K5, the obliqueness of the curves in the low frequency area can be attributed to inhomogeneities in the electrode. Figure 8 shows the Ragone plot of each capacitor. Both K2 and K5 showed a higher energy density than MSP-20 on the high power density side. Rufford et al. prepared SCGs-derived carbon activated by ZnCl 2 and applied it to EDLC. 16 In that report, the activated carbon had about 1000 m 2 /g of SSA, but exhibited high energy density (34 Wh/kg at low power density and 16.5 Wh/kg at a high power density of 21.5 kW/kg). It was mesoporous carbon of which pore size mainly developed in the range of 2 nm or more. In other reports, 1721 it was understood that micropores smaller than 2 nm in diameter did not work effectively and that carbon with larger pores such as mesopore (250 nm) was advantageous in terms of increasing the capacitance. Takikawa reported that capacitance and solution phase effective conductivity in electrodes, which are important for capacitance retention rate, were improved with the increase in pore volume from 10 to 50 nm. 22 Suzuki also reported an increase in capacitance with the increase in pore volume from 10 to 50 nm, preparing carbon by the template method. 23 Conversely, it was reported that the capacitance per area increased steeply in the micropore which size was close to that of electrolyte ion.
2426 To achieve high energy density at high power density, a well-balanced micro-mesoporosity can be said to be necessary. In this study, the SCGs-derived carbon activated with KOH demonstrated high energy density at high power density because it had better balance of micro-mesoporosity than MSP-20.
Conclusion
SCGs-derived activated carbon with high specific surface area was produced, and the development of an electric double layer capacitor which had high energy density even at high current densities was attempted. Although the capacitances of EDLCs using the SCGs-derived carbons activated with KOH were inferior to MSP-20 at low current densities, it turned out that they showed high capacitance at high current densities (at 80 mA/cm 2 or more for K5, at 125 mA/cm 2 or more for K2), which suggested that the SCGsderived carbons activated with KOH was superior in terms of capacitance retention rate versus current density. In addition, K5 and K2 showed higher energy density than MSP-20 at high power densities on the Ragone plot. Producing an EDLC from SCGs that had high energy density at high power density was successfully accomplished. Figure 8 . Ragone plots. Energy density and power density in this plot are based on the mass of activated electrode material, and excludes the mass of the electrolyte, current collectors and cell packaging.
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